Low-temperature heat capacities of a series of low dielectric constant amorphous films with different compositions were measured from 1.8 to 300 K using a Quantum Design Physical Property Measurement System (PPMS). By using piece wise functions to fit the heat capacities, the characteristic . Together with the formation enthalpies obtained by high temperature oxidative solution calorimetry in molten sodium molybdate solvent, the corresponding Gibbs free energies from elements and crystalline constituents (and gaseous products as required) are obtained. The Gibbs free energy terms of these materials are dominated by the enthalpy term rather than the entropy. These samples are thermodynamically stable at room temperature with respect to elements and the samples with oxygen incorporated are generally thermodynamically more stable than the others. However, compared to crystalline binary counterparts and gases, some of these materials possess either positive or close-to-zero Gibbs free energies of formation, indicating that they are thermodynamically metastable; while, for the rest, which are stable at ambient conditions, elevation of temperature will eventually lead to decomposition.
Heat capacities, entropies, and Gibbs free energies of formation of low-k amorphous Si(O)CH dielectric films and implications for stability during processing 
Introduction
There is significant interest in finding new generation low dielectric constant (low-k) materials for applications in integrated circuits. New dielectric materials, such as hydrogenated amorphous silicon carbide (a-SiCH) and hydrogenated amorphous silicon oxycarbide (a-SiOCH), show great potential in replacing the traditional SiO 2 as inter-layer dielectrics (ILDs) and etch stop layers (ESLs) [1, 2] . In addition to the low dielectric constant [3] , these materials show many other desirable properties, such as high temperature stability [4] and enhanced thermal, mechanical, and chemical properties [5] [6] [7] [8] [9] [10] [11] .
The most commonly used industrial methods to synthesize this new class of low-k a-Si(O)CH thin film dielectrics are chemical vapor deposition (CVD) [12] and plasma enhanced CVD (PECVD) [13] [14] [15] . To incorporate C and H into the system, various different organosilane or alkoxysilane precursors in combination with strong or weak oxidizers such as O 2 , N 2 O, and CO 2 are used during the CVD of SiO 2 . In general, these methods require lower temperatures (250-600°C vs. 700-1200°C), and yields higher hydrogen content than the pyrolysis route (20-45 atomic % vs. less than 10 atomic %), which is another common method [16] [17] [18] [19] . More importantly, CVD/PECVD can substantially reduce the dielectric permittivity of a-Si(O)CH films compared to SiO 2 [14, 20] .
Although these low-k dielectrics show chemical stability as deposited, a critical drawback is that they tend to lose hydrogen and carbon (as labile organic groups) and convert to SiO 2 during thermal annealing and other nano-electronic fabrication processes [21] [22] [23] . Thus, it is crucial to investigate the thermodynamic stability of these materials and their interfaces with other materials to find processing conditions that do not lead to significant degradation. With increased thermodynamic understanding of these materials, the long-term stability of the products manufactured from them can be improved [24, 25] . Our previous work measured the formation enthalpies of related materials [26] by high temperature oxidative solution calorimetry in a molten oxide solvent. The results show that introducing organic functional groups into the https://doi.org/10.1016/j.jct.2018.08.026 0021-9614/Ó 2018 Elsevier Ltd. system increases thermodynamic stability by saturating surface bonding and eliminating defects such as dangling bonds. However, there is still a gap in the thermodynamic data since the entropies of formation of these and related materials are not known. Furthermore, low temperature heat capacity measurements can give insight into the vibrational and defect behavior of these complex [26] . b The composition is presented in atomic percentage. c Mass is molar mass. d The uncertainty of mass density is ± 0.1 g/cm 3 . materials. For industrial applications, accurately obtaining the heat capacity of low-k a-Si(O)CH materials will contribute to determining the thermal conductivity, a parameter which is essential for controlling the heat flow and performance of the devices [27] . Thus, there is a great need to measure and understand the entropy of low-k a-Si(O)CH materials to assess their ultimate stability in highly scaled and integrated nano-electronic products. Examination of the complete thermochemistry of low-k a-SiOCH materials will also broaden the understanding of the energy landscape in the Si-O-C and Si-O-C-H systems [28] [29] [30] [31] [32] by examining previously unexplored portions of these phase diagrams [33] [34] [35] [36] [37] [38] . In this context, the goal of this work is to measure low temperature heat capacities (C p,m ) of these low-k Si(O)CH dielectric films and obtain their standard entropies (S o ). Together with the enthalpies of formation obtained previously [26] , their Gibbs energies of formation (DG f o ) can be determined, thus providing a complete thermodynamic dataset for these low-k Si(O)CH materials. These data are a starting point for further work on other low-k amorphous materials with different compositions and structure to provide insight into trends in the stabilities of dielectric films with different compositions and functional groups. The behavior of the heat capacity at low temperature also sheds light on the vibrational density of states and possible dynamic disorder in these materials.
Experimental methods

Sample synthesis and characterization
This is a continuation of previous work, with detailed synthesis and characterization described in [26] . The full elemental compositions and mass density of the SiOCH films were determined by (8) combined Rutherford backscattering and nuclear analysis (RBS-NRA) measurements [39] . The elemental composition is listed in percentage with summation of percentage of each element to be 100%. A mole of sample is defined as Avogadro's number of atoms (Si + O + C + H), i.e. a gram atom. Powder X-ray diffraction (PXRD) was done to ensure the amorphous nature of these materials. A summary of sample descriptions is given in Table 1 . Note that samples #300, #659, #338, #539, #149 are not from [26] , but they were synthesized in a similar fashion.
Enthalpy of formation measurements
High temperature oxidative molten salt solution calorimetry was utilized to determine the formation enthalpies of the amorphous powders. Similar compounds have been studied previously by the same technique in our laboratory [26] and this methodology is well established [40] [41] [42] . In a typical measurement, $1-2.5 mg pellets were prepared by pressing the powdered samples (obtained after grinding the flakes) into a 1 mm die. The pellets were dropped from room temperature into molten sodium molybdate (3Na 2 OÁ4MoO 3 ) solvent maintained at 1073 K inside an AlexSYS Setaram microcalorimeter. To ensure full oxidation and to stir the melt, oxygen gas was constantly bubbled through the solvent with a rate about 5 mL/min. The gaseous products CO 2 and H 2 O from oxidation reaction were removed from the system by flushing oxygen gas ($40 mL/min) through the calorimeter assembly. In general, it takes 50-60 min for the calorimetric signal to return back to baseline. The calorimeter was periodically calibrated against the heat content of platinum. Statistically reliable data (within two standard error) were obtained by dropping a number of pellets.
Heat capacity measurements
The low temperature heat capacities of all eight samples were measured at P = 1.2 mPa using a Quantum Design Physical Property Measurement System (PPMS) with logarithmic spacing from T = 1.8 to 100 K, and 10 K increments from T = (100 to 300) K. Samples were prepared for heat capacity measurement by mixing about 2 to 13 mg of each powder with about 5 mg of copper strips (Alfa Aesar, 0.99999 Measurement System (PPMS) with a standard uncertainty of 5% C p,m below T = 20 K and 2% C p,m above T = 20 K.
b The uncertainty in temperature is 4 mK. c The pressure was 1.2 mPa during the measurements with uncertainty 0.1 mPa.
Table 6
Measured molar heat capacity values at constant pressure c for a-SiCH #300. mass fraction purity) to provide better thermal contact and putting this into copper cups (about 15 mg). The cups were then pressed into pellets approximately 3 mm in diameter and 1 mm in height. After running an addenda measurement, which accounts for the heat capacities of the calorimeter and the Apeizon N grease used to mount the sample, a sample was mounted onto the PPMS puck, and the heat capacity was measured. The PPMS automatically corrects for the addenda heat capacity, and the copper contribution was subtracted using data from Ref. [43] yielding the constant pressure heat capacities of SiOCH amorphous materials. The uncertainties for the PPMS measurements of the standard molar heat capacities C o p,m , following this method are estimated to be ± 0.02 C o p,m for 1.8 K < T < 10 K and ± 0.01 C o p,m for 10 K < T < 302 K [44] . The molar mass of each sample is given in Table 1 .
Results and discussion
XRD characterization
The PXRD patterns of all samples, except for those from Ref. [26] are presented in Fig. 1 . Sample #149 and #659 are completely X-ray amorphous without any additional peaks, excluding the peaks from the holder. The rest of the samples (#300, #539, #338) showed the existence of small amounts of crystalline impurities. The crystalline impurities are found to be Si, which serves as the substrate for deposition, or Fe, which comes from the razor blade used for scrapping the sample. The influence of Cu impurities was discussed in [26] and similar argument holds for the Fe impurity, which will not significantly change the result. In the following discussion, we decided to treat these samples with crystalline impurities as a whole, meaning that the thermodynamic parameters of these samples are determined using the overall composition of the amorphous and crystalline mixture, for the following reasons. First, the elemental composition of crystalline impurity Si is the same as those of samples, so it is hard to quantitatively determine their percentage. Second, the heat effects associated with these crystalline impurities are comparable to those of the samples, thus the corresponding results computed from the overall composition will not be significantly different. Lastly, in practical usage of these low-k films, these mixtures are commonly seen and it is reasonable to analysis their stability as a whole.
Enthalpies of formation
The experimental details, including pellet masses and enthalpies of drop solution calculated from experiments are presented in Table 3 . The detailed calculation of enthalpy of formation using appropriate thermodynamic cycles is described in previous work [26] . The enthalpies of drop solution at 800°C, the enthalpies of oxidation at room temperature, and the enthalpies of formation at room temperature from elements of the newly measured samples are listed in Table 4 . a Measurements were performed using a Quantum Design Physical Properties Measurement System (PPMS) with a standard uncertainty of 5% C p,m below T = 20 K and 2% C p,m above T = 20 K.
b The uncertainty in temperature is 4 mK. c The pressure was 1.2 mPa during the measurements with uncertainty 0.1 mPa. All samples show negative formation enthalpies from elements at room temperature, ranging from À37 kJ/mol to À266 kJ/mol. In general, samples with oxygen show more negative enthalpies of formation from elements at room temperature, than those without oxygen, which is in consistent with our previous conclusion that oxygen is one of the factors that stabilizes the system thermodynamically.
Heat capacity curve fitting
The details of the PPMS calorimetric measurements including pressures (p), sample mass (M s ), molar mass (M), and copper mass (M Cu ) are presented in Table 2 . The measured heat capacities of a-Si (O)CH materials are shown in Tables 5-12 and Figs. 2 and 3 . The smoothness in all these curves indicates that no phase transitions happened in this temperature range. All samples show the similar pattern. Fig. 2b emphasizes the behavior of these samples at low temperatures (0-10 K).
Heat capacities were fit to a series of overlapping functions in the low (T < 15 K), mid (5 K < T < 60 K), and high (T > 50 K) temperature regions. The low temperature heat capacity values were fit to the function:
where c is proportional to the concentration of lattice vacancies in insulating materials [45] , and the B 3 , B 5 , B 7 and B 9 terms represent the harmonic-lattice expression [46] . The final term in the equation accounts for a gap in the Debye density of states model, and was required to fit some of the materials. This model was developed to fit materials with excess low energy vibrational modes. For these materials, a one-dimensional gapped model was used. More information of these gapped models can be found in [47] . The fitting parameters, % RMS, and ranges of validity for these fits as well as those of the mid and high temperature regions are given in Table 13 . The functions used for fitting the mid temperature values were polynomials that have no physical meaning but merely serve to link the low and high temperature fits:
The high temperature fits consist of a sum of Debye and Einstein heat capacity functions of the form [48] : be approximately equal to the number of atoms in the formula unit or unit cell. The linear and quadratic terms account for the conversion from constant volume heat capacity to constant pressure heat capacity. The terms obtained from the fitting are summarized in Table 13 . 
Thermodynamic calculations and phase stability
Once fits to all data were completed, smoothed heat capacities and thermodynamic values were generated and are given in Tables 14-21 . These thermodynamic values calculated from the fit heat capacity method have an uncertainty of approximately ± 5% below 20 K and ± 2% above 20 K. The standard molar entropies of all samples are quite similar (see Table 4 ). Fig. 4 suggests a weak linear trend between standard molar entropies at 298 K and O/Si ratio. Note that the two points on the left are two samples without oxygen or with trace amount of oxygen. In general, the standard molar entropies at 298 K increase as O/Si ratio increases. However, no obvious trend was found when plotting the standard molar entropies against other compositional parameters. The influence of composition on entropy is complicated and needs further analysis.
The heat capacities, combined with spectroscopic studies, also can give information on the nature of the lattice vibrations and the vibrational density of states. Such microscopic level interpretation will be pursued in a future study.
By subtracting the entropies of the films from the appropriately weighted average of entropies of the constituent elements, the formation entropies from elements can be computed. Then the corresponding Gibbs free energies can be calculated by using the measured enthalpies and entropies of formation from elements at room temperature. The DH f,ele and DG f,ele values shows that, in general, a-SiOCH are thermodynamically more stable than aSiCH, which is consistent with our previous findings. The fact that Gibbs free energies follow the same trend as enthalpies of formation validates the argument in our previous study that the enthalpic term, compared to the entropic term, dominates the Gibbs free energy.
Using these data, the formation enthalpies, entropies and Gibbs free energies from solid (cristobalite, SiC, C)/and gaseous compounds (H 2 ) are calculated, defined by reaction (1).
The thermocycles for calculation is presented in [26] and the results are summarized in Table 22 . Compared to the binary compounds, some of these amorphous films are not energetically stable. Even for those possessing a negative enthalpy term, due to the negative entropy value, reaction (1) will become unfavorable in free energy with increasing temperature. The minimum temperatures for decomposition at 1 atm hydrogen pressure are listed as T decomp in Table 22 . Except for sample #300 and #659, all the other samples are thermodynamically favored to decompose either at or below ambient conditions or by the processing temperature (400-900 K). In reality, the decomposition will probably be gradual, and the hydrogen pressure generated during decomposition will depend on experimental conditions. It should be noted that since the films are amorphous, one expects an additional positive contribution to their entropy from configurational disorder.
Although there is no direct way of assessing this configurational term, its contribution might stabilize the low-k dielectric films and thus increase the decomposition temperature to some extent. However, the enthalpic term is still dominant. We conclude that all the films become thermodynamically metastable at or below their processing temperatures and thus will tend to lose hydrogen during processing. 
Table 15
Standard thermodynamic functions of a-SiCH #300. 
Conclusion
Low temperature heat capacity of a-SiOCH and a-SiCH were measured by using a Quantum Design PPMS calorimeter, and hence their standard entropies were obtained. The formation enthalpies, entropies and Gibbs free energies are then obtained with respect to both elements and crystalline constituents/gaseous products. It was found that most of these amorphous materials tend to decompose to their crystalline constituents and gaseous hydrogen at room temperature or processing temperature.
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